GaN-based resonators supporting whispering gallery modes are suggested as a promising approach for fabrication of efficient nanophotonic applications. A modification of excitonic emission due to coupling with cavity modes is observed experimentally in the GaN planar hexagonal microcavities grown by a selective area metal-organic vapor phase epitaxy. Low temperature cathodoluminescence spectra measured in-situ scanning electron microscope show two or three emission peaks split by 100 meV or 160 meV for the resonators formed by double-and single-wall micro-nuts, respectively. The results are compared with numerical calculations of the cavity mode energies, their Q-factors and the spatial distribution of the modes' intensities. Although most modes are characterized by a small Purcell coefficient, there are a limited number of isolated cavity modes with a large Purcell factor. Such modes can efficiently interact with the bulk exciton in GaN. The results are also analyzed by diagonalization of Hamiltanion describing the system of interacting exciton and cavity modes. Theoretically, it is shown that a strong coupling between the exciton and the cavity modes is possible in such micro-resonators.
Introduction
III-nitride semiconductor nanostructures attract significant interest due to diverse applications in many fields of science and technology covering optoelectronics, nanophotonics, biology and medicine [1] [2] [3] . Technology applied for fabrication of optoelectronic and electronic devises based on nanostructures requires a firm capability to control morphological, structural and electronic properties of III-N nanostructured material. The manufacturing process involves usually epitaxial growth of multilayers on substrate [4] with postgrowth lithography and processing, so-called top-down paradigm [5] . An alternative bottom-up method [6] for fabrication of III-N nanostructures includes a selective area epitaxy [7, 8] or the growth techniques based on processes with self-organized formation of nanostructures [9, 10] . A promising method to produce nanostructures with controllable sizes and shapes is a selective area metal-organic vapor phase epitaxy (MOVPE), where a given pattern in a mask can be etched by focused ion beam (FIB) [11, 12] . One of the important nanophotonic challenges is related to design of microcavities for efficient emission. There is a large number of possible resonator schemes including microcavities in the form of micropillars, micro-discs [13, 14] or hexagonal nano rods [15] .
Latter can be fabricated without the Bragg reflectors while supporting whispering gallery modes (WGMs) and, thus, demonstrating an enhancement of the spontaneous emission rate, i.e. so-called the Purcell effect [16] . The approach is very attractive since a coherent growth of multilayered Bragg reflectors based on III-nitrides is difficult and yet need to be developed since the growth rate of IIInitrides is strongly dependent on temperature of synthesis, additionally, the III-nitride-based quantum wells exhibit a rather broad linewidths and are influenced by the quantum-confined Stark effect if grown in polar [0001] direction [17] . On the other hands, III-N-based microcavities supporting WGM can demonstrate a significant enhancement of the spontaneous emission rate even for rather low Q-factors [18, 19] . Attempts to use wide band gap III-nitride semiconductors for fabrication of microcavities are justified in terms of material properties such as large oscillator strength and large exciton-binding energy (~25 meV in bulk GaN), which paves the way for efficient performance of optoelectronic devices even at high temperatures [20, 21] .
An important phenomenon observed in semiconductor microcavity is strong coupling of exciton and photon modes [22] . The bulk GaN has 3 types of exciton (usually referred as A, B, and C-exciton), and A-exciton is GaN possesses large longitudinal-transverse splitting of the order of 1 meV [23] .
Since the value of Rabi splitting Δ of exciton and photon modes in microcavity is about Δ~√ 0 , where 0 is the frequency of the cavity mode, the value of Rabi splitting in III-N based microcavities exceeds 50 meV [24] and make it possible to observe the polariton lasing at room temperature [25] .
Thus, in III-N based microcavities, the light-matter interaction can lead to a strong coupling regime with appearance of pronounced exciton-polariton modes.
The purpose of this work is to report on a recent progress in development of GaN microcavities designed in the form of planar hexagonal micro-nuts. Spatially-resolved cathodoluminescence (CL) measurements reveal in such micro-resonators a modification of excitonic emission explained theoretically in terms of a strong coupling regime between WGMs and excitons resulting in a huge Rabi splitting exceeding 100 meV.
Results
The GaN micro-resonators have been fabricated by a selective area MOVPE employing FIB etching for pattering the mask layer. Details of the growth, process parameters and characterization equipment are described in Materials and Methods. The pattern in the form of equidistant rings with a diameter of 5 µm was applied (the rim width was ~100 nm). The etched ring after this process step is illustrated in Figure 1a . Formation of GaN hexagons in the etched pattern is illustrated in Figure 1b and 1c. The hexagon wall growth starts with a nucleation of small pyramids in the etched ring ( Figure 1b ), then, these pyramids enlarge and form a faceted structure ( Figure 1c ). The emerging faces of the microstructure are formed by semi-polar crystallographic planes such as (101 ̅ 2), (101 ̅ 1), (202 ̅ 1), (112 ̅ 2), as shown in Figure 1d . Finally, merging pyramids form a final hexagonal structure schematically shown in Figure 1e .
The optimization of selective area MOVPE process steps resulted in a coherent growth of planar GaN microcavities with two specific shapes as shown in scanning electron microscopy (SEM) images in Figure 2a , 2c and 2b, 2d, respectively. The difference in the shapes, i.e. between the single and the double hexagonal micro-nuts has been obtained by a slight difference in the etching pattern, namely, in the first case, the etching depth of a single ring corresponded to the thickness of the Si3N4 mask layer, while for the second type of hexagons, the etching of the same rings was done across the mask into the GaN buffer layer, as illustrated in Figure 3 .
The ion beam used for etching has Gaussian-like spatial profile. Uniform shallow etching can be achieved by scanning of the low current ion beam with a small diameter along the mask layer, as illustrated in Figure 3a . In contrast, if the ion beam current is high then the beam diameter is large resulting in etched stripes of V-shape, as illustrated in Figure 3d . The two shapes of the stripe define two different growth modes. In the shallow flat stripe, the initial single pyramid is formed with the base parallel to the plane (0001) and facets oriented along semi-polar crystallographic planes such as (101 ̅ 2), (101 ̅ 1), (202 ̅ 1), (112 ̅ 2). When the base of the pyramid reaches the edge of the mask ( Figure   3b ), it starts to grow over the mask and forms the flat top due different growth rate in different crystallographic directions. In the V-shaped stripe, there are formations of multiple nucleus on the inclined planes ( Figure 3e ), they expand and reach edges of the mask faster than in the case of the flat shallow stripe. Then, the growth areas near the edges of the etched stripe consume the flow of precursors, which leads to the conservation of the gap between inner and outer hexagon ( Figure 3f ) and to the formation of the peculiar double hexagon shape. Note, that the groove between inner and outer hexagons has a faceted structure ( Figure 2d ).
In both cases, GaN hexagons are equidistant, have nearly perfect geometrical shapes and the same lateral size of ~7 µm. The wall thickness is ~1 µm and ~500 nm for the single and for the double hexagonal structures, respectively. The height of both microcavity types is ~1 µm as shown in the insets of Figure 2c and 2d. In such structures the round trip of light corresponds to approximately 10 2 wavelengths of light at exciton frequency.
The panchromatic CL images (PCL) in Figure 4 give an overview of the emission intensity distribution within the GaN hexagonal microcavities. Figure Further, to study optical properties of the hexagonal microcavities, we have investigated CL spectra at room temperature and at 10 K measured with a spatial resolution of ~100 nm, i.e. when the electron beam has been focused to a specific spot on the GaN microcavity. CL spectra were taken at different points as indicated in the insets of Figure 5a , 5b, 5c, and 5d, respectively. For reference, CL spectra measured at similar conditions at room temperature and at 10 K for the GaN epitaxial layer are shown by the dashed lines in Figure 5a , 5b and 5c, 5d, respectively. We note that all GaN hexagons of each type have demonstrated at 295 K a rather broad emission peaking at ~3.3 eV, though some small variations of the energy position have been observed. The emission band maxima of the GaN hexagons are noticeably shifted to lower energies compared to the GaN layer. In latter case, the CL line is peaking at ~3.4 eV at 295 K, which corresponds to a typical excitonic emission in GaN [26] . The full width at the half maximum (FWHM) for the CL bands measured for the GaN hexagonal microcavities is in the range of 200-300 meV at room temperature, which is much broader than the FWHM of ~60 meV for the excitonic CL spectrum taken at the GaN layer. There is a feature at ~3.4 eV at the higher energy shoulder of the CL bands measured at point 1 and 2 for both types of microcavities ( Figure 5a and 5b)
indicating that there is an overlapping between the GaN exciton line and some addition emission, whose origin can be related to the microcavity modes.
While the room temperature CL spectra are very similar for all measured points, the low temperature results have revealed a large variety in the emission spectra shape depending on the measured point at the hexagon GaN microcavities. Some examples are collected in Figure 5c and 5d
for the single-and double-wall microcavities, respectively. For comparison, the near-band-gap emission with the peak at ~3.46 eV taken at 10 K for the GaN layer is shown by the dashed lines. The 3.46 eV CL line is related to the exciton bound to shallow donors (DBE) such as silicon and oxygen [27] .
Obviously, the CL spectra for GaN hexagonal microcavities are very different having a complex shape consisting of two and three bands for the single and double-wall microcavities, respectively.
The relative intensity between the bands vary essentially depending on the acquisition point.
The bands, however, have a rather firm energy separation for each microcavity type: ~160 meV and ~100 meV for the single and double hexagons, respectively (see dash-dotted lines in Figure 5c and 5d).
The energy positions for the emission maxima are following: ~3.30 and 3.46 eV for the single and 3.23, 3.33 and 3.43 eV for the double hexagonal structures, respectively. The FWHM of the emission lines at 10 K is in the range of 80-90 meV as estimated from the Gaussian fitting. These widths exceed the FWHM of ~50 meV for the DBE line in the GaN layer.
The standard way of the analysis of the polariton behavior in microcavities is studying of the polariton dispersion via angle-resolved measurements. In our case, where cavity modes experience confinement in all 3 dimensions, such method cannot be utilized. At the same time, detuning between the exciton and the photon modes can be changed using different approach: by changing the temperature of the system. The energies of excitons vary with the change of temperature in line with the value of the band gap energy, while the variation of frequency for the cavity modes is governed by temperature dependence of refractive index. Figure 6a shows photoluminescence (PL) spectra of the single hexagon structure taken at different temperatures varying from 5 K to room temperature. The increase of the temperature leads to the red shift of the higher energy peak. The lower energy peak also experiences the reduction of the emission energy, but as it is clear from Figure 6b , the red shift is much smaller for the lower energy peak. Such behavior indicates that the lower energy emission peak is associated with the cavity mode.
Discussion
Thus, the following main results have been observed for the planar GaN hexagons:
i) the spectral position of the emission peaks does not depend on the point of excitation of the sample.
ii) the energy interval between the emission peaks is of the order of 100 meV iii) at low temperature, there are two (three) peaks in the luminescence spectra for the single (double) hexagonal structures, however, when temperature raises, the separated peaks merge in the one wide emission band.
Such behavior of the emission in GaN microcavities indicates the strong modification of the excitonic emission from the structures by cavity modes, which can occur in weak or strong coupling regime. The shape of the dependence of the peak's energies shown in Figure 6b can be considered as a part of anti-crossing between exciton and cavity modes (though with the range of detuning occurring with temperature variation from 5 K to room temperature anti-crossing region is not achieved). With increasing temperature, the two peaks merge (note, that in Figure 5 spectra are shown in linear scale while in Figure 6 in semilogarithmic scale).
The luminescence spectra demonstrate polaritonic nature of the emission in the studied GaN hexagonal structures. Consequently, we analyze theoretically exciton-cavity interaction to reveal if such interaction can occur in such structures in the strong coupling regime despite a large size of systems and a high density of cavity modes. For this purpose, we model the mode structures of hexagonal cavities and their interaction with a bulk exciton in GaN.
We note that a rigorous three-dimensional (3D) modeling of the optical mode structures of the studied hexagonal microcavities is a cumbersome task (since the size of the structure is about 5 m х Purcell coefficient , describing the strength of interaction of the cavity modes with an emitter reads as:
where is the wavelength of light corresponding to the frequency of the mode, n is refractive index and is the volume of the mode [14, 29, 30] .
For simplified analysis of 2D case, we calculate the quantity F, defined as
where S is the effective area of the mode in the cavity. The result of such interaction can be described as follows. The Hamiltonian of the interaction for the system consists of bulk exciton | ⟩ and N modes of the cavity [C 1 , … , C 2 ] can be simplified by using rotating wave approximation. In the case of exciton Hamiltonian, we will exploit second quantized form and field operators. The total Hamiltonian reads as:
where 0 is the exciton frequency, are the frequencies of cavity modes, are the constants .
The procedure of diagonalization the Hamiltonian (4) is described in Materials and Methods.
Eigenvalues of the matrix in (4) correspond to the energies of the N+1 exciton-polariton modes | ⟩, which are the eigenstates of the Hamiltonian (4). Thus, we can write
where ̂+ = 0̂+ + 11 + + 22 + … ̂+ (6) and 0 ( 1 , 2 , … ) are the weight coefficients of exciton (cavity modes) in polariton modes.
The strength of interaction of exciton with specific mode is proportional to quantity :
where 0 is the probability of excitonic emission in the uniform media and coefficient is defined
As seen in Figures 8a, 8b, 8c, 8d , most of the modes are characterized by small of the order of unity, while there could be the cavity modes interacting to the exciton with both large value of and strength of interaction . The intensity of the excitonic emission associated with specific polariton mode | ⟩ will correlate with its excitonic fraction described by | 0 | 2 .
Using a simplified model that could explain the observed results of cathodoluminescence for GaN hexagonal microcavities, we analyzed the structure of the polaritonic mode under the assumption that the interaction of the exciton with all but one cavity modes is weak and is characterized by the interaction strength g = 4 meV. However, for one particular cavity mode with an energy of 3.307 eV, the interaction strength was chosen to be g = 30 meV. Figure 8e shows the dependence of the excitonic contribution to the polaritonic state | 0 | 2 as a function of the energy of the polariton mode for the single hexagon microcavity. Clearly, two peak behavior is mimicking the experimental two peaks observed in low temperature luminescence spectra, thus, illustrating a strong coupling between the exciton and the cavity mode.
Similarly, Figure 8f shows the dependence of the excitonic contribution | 0 | 2 calculated for the double hexagonal structure. Parameters used for modelling were similar to the previous, namely, for all cavity modes (except two), the strength of interaction was chosen to be weak g = 4 meV, while for the mode with an energy of 3.24 eV we used the strength of interaction g = 40 meV and for the cavity mode with an energy of 3.34 eV the strength of interaction was g = 30 meV. One can see that a three peak behavior is similar to the experimentally observed luminescence spectra at low temperature for the double-wall hexagonal microcavity.
In summary, GaN microcavities have been fabricated by a selective area MOVPE using FIB for etching of the pattern in the Si3N4 mask. We have studied two types of the microcavities: the single wall and the double walls GaN hexagons. The shape of the microcavities has been checked by SEM and it was found that the hexagons were coherently grown and almost identical. The optical properties of the microcavities have been controlled using low temperature CL measurements with a nanoscale spatial resolution. It was obtained that at low temperature the CL spectra can consist of two and three nearband-gap emission lines for the single and double resonator, respectively. The emission bands have different relative intensities depending on the measured points. At room temperatures, due to broadening, different bands were not resolved and, thus, merge to a broad single emission. Numerical simulations of the cavity mode for the hexagon resonators with parameters similar to experimental have shown that some particular cavity modes can be more localized compared to others. Such localized cavity modes could interact with an exciton in a weak or strong coupling regime. The analysis of the exciton-polariton modes carried out by means of quantum electrodynamics provides possible explanation for the observed emission spectra in GaN planar microcavities.
Materials and methods

Growth of GaN planar hexagonal microstructures
The GaN microresonators were fabricated as following. First, a 3-µm-thick GaN buffer layer was grown on a (0001) sapphire substrate by metal-organic vapor phase deposition (MOVPE). The The square matrix W is Hermitian, therefore, its diagonalization is possible with the help of a unitary transformation:
where is unitary matrix whose columns contain the eigenvectors of the matrix , is diagonal matrix whose elements are the eigenvalues of the matrix . Insertion of this result into Eq. (8) produces
Expression Ĉ + gives a new form of operators of creation in a mixed system «exciton+modes». Here ̂ is a column made up of operators of annihilation.
In the new notation, the Hamiltonian (S3) will take the form:
Thus, we obtained a diagonalized Hamiltonian with new operators ̂+ and ̂. is the frequency correspond to the energies of the N+1 exciton-polariton modes.
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